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Coke oven gas (COG) is a by-product of coke produced via high-temperature dry distillation of coking coal in the absence of oxygen. COG has a calorific value in the range 17-20 MJ m-3 and is typically composed of 57 vol% hydrogen (H2), 27 vol% methane (CH4), 7 vol% carbon monoxide (CO) and impurities including carbon dioxide (CO2), hydrogen sulfide (H2S) and phenolic tars (1). For every tonne of coke produced, 300-360 m3 of COG is formed and it is estimated that approximately 650 Mt of COG is produced worldwide by the steelmaking industry each year (2). Approximately 40-50 % of COG is re-utilised as a fuel in blast furnaces, coking processes and for on-site steam, heat or power production (3-7). Surplus COG is mostly flared and emitted to the atmosphere (8), generating a significant waste of useful and valuable gases, each of which have applications in heating, power production and chemical manufacturing. Flaring or emitting COG also considerably contributes towards industrial carbon emissions. Because blast furnace production is the dominant method of steel production, it is environmentally and financially important to find an efficient and clean way to utilise COG for energy or chemical production purposes.

     Recently, there has been increasing research interest in the co-electrolysis of hydrocarbon feedstocks with the oxidants steam (H2O) (9, 10), CO2 (11, 12) and mixtures thereof using solid oxide electrolysis cell (SOEC) technology (13). To the best of our knowledge, Czachor et al. investigated solid oxide co-electrolysis of simulated COG using H2O as the co-oxidant for the first time (14). It was established that fuel utilisation takes place via a combination of electrochemical and catalytic processes. When mixed with 50 vol% H2O, catalytic steam reforming of CH4 [1] and the water-gas shift (WGS) reaction [2] initially increased the H2 content by 89%. With a voltage application of 1.7 V, a further 16% gain in hydrogen production was observed due to electrochemical H2O reduction [3], resulting overall in a 119% gain in H2 production with a purity of 
91.7 vol%, which was mainly balanced in CO2 and CO. Increasing the operating voltage was also observed to increase CO2 conversion by promoting the reverse water-gas shift (RWGS) reaction to yield CO.

CH4 + H2O ⇌ 3H2 + CO				   [1]

H2O + CO ⇌ CO2 + H2				        [2]

H2O + 2e- ⇌ H2 + O2-					[3]










     All measurements and tests were performed using a commercially available anode supported button cell (ASC) (FCM, ASC-2.5, SKU: 213309) (16). The anode layer was 25 mm in diameter and 400 μm in thickness and was composed of 60 wt% nickel oxide (NiO) and 40 wt% yttrium-stabilized (8 mol%) zirconia (8-YSZ). The electrolyte was composed of a 3-5 μm thick 8-YSZ layer and a 3-5 μm thick gadolinia-doped ceria (GDC) barrier layer and was 25 mm in diameter. The cathode layer was 12.5 mm in diameter and composed of lanthanum strontium chromite (LSC).
Cell Mounting and Connections

     Cell testing was carried out using a Fiaxell Open Flanges Solid Oxide Fuel Cell test setup (17). The cell was mounted within two spring-loaded flanges (Inconel 600 and 601), which allowed separate feeding of air and gases to the cell. During mounting, a circular piece of nickel foam (0.5 mm thickness and 22 mm diameter) was glued to anode-side flange to allow current collection at the anode. A gas-tight seal was achieved by placing 
5 × 5 cm deformable non-porous mica sheet (0.7 mm thick) around the nickel foam. The cell was then placed on top, with the nickel mesh in the centre. A second 5 × 5 cm mica sheet punched with an 18 mm hole was placed on top of the cell, followed by a sheet of non-conductive alumina felt also punched with 18 mm hole. A gold wire mesh attached to gold wires was positioned on top to enable current collection from the cathode. Finally, a second sheet of alumina felt was placed on top of the gold mesh and wires in order to provide complete electrical insulation of the cathode.





     After establishing cell mounting and connections, the setup was heated at a ramp rate of 60 °C h-1 up to 750 °C. During heating, air was supplied at 50 cm3 min-1 to the cathode and anode in order to burn off the tape and adhesive used during cell mounting. Upon reaching the temperature of 750 °C, the spring-loaded pressure of the flanges was measured and adjusted to ensure the pressure was correct and uniform across the cell. H2 was introduced into the gas mixture at 5 vol% to reduce the NiO anode. Reduction was observed by monitoring the OCP of the cell. Once stabilised, the H2 was increased to 10 vol% and the OCP allowed to re-stabilise. This was repeated until the gas stream consisted of pure H2. The flow rate was then increased to 50 cm3 min-1. The observed OCP was 1.12 V, indicating negligible gas crossover and current loss. Finally, in order to condition the electrolyte, a voltage of 0.8 V was applied to the cell for 1 hour, after which time a stable current output was achieved, indicating the cell was ready for testing.

Cell Testing and Characterization

     The performance of the cell was studied in electrolysis mode running on fuel mixtures containing CH4 and H2 as required. Each fuel mixture was supplied at a flow rate of 
20 cm3 min-1. The oxidant mixtures were composed of CO2 and were supplied at a flow rate of 10-30 cm3 min-1 as required. Helium was used as the carrier gas and was used to ensure a consistent total fuel gas flow rate of 60 cm3 min-1 in all experiments. Upon changing the fuel or co-oxidant composition, the cell was left to stabilize for 30 minutes before collecting data. 50 cm3 min-1 of air was constantly supplied to the cathode for all measurements taken. Current-voltage (I-V) curves were measured over the range OCP – 1.7 V at a scan rate of 500 mV s-1. Electrochemical impedance spectroscopy (EIS) measurements were taken potentiostatically over the frequency range 0.1 kHz - 100 MHz using a voltage amplitude of 10 mV. EIS measurements were carried out in electrolysis mode at 0.1 V above the OCP.






Measurements at the OCP

     In order to determine the influence of catalysis on the conversion of simulated COG, the effect of adding CO2 to the fuel mixture (30/70 vol% CH4/H2) on the dried output gases of the cell was measured at the OCP (see Fig. 1). The corresponding OCP and percentage gas compositions are given in Table I. Upon addition of CO2 to pure H2 in the feed (2:1 fuel-to-oxidant), in the output stream the presence of H2 decreased and the CO and CO2 increased, indicating the presence of the RWGS reaction [2]. Some unconverted CO2 was also present. It should also be noted that the H2O content of the gases was also increased since it is a product of the RWGS reaction, however this could not be observed due to limitations of the QMS (see Cell Testing and Characterisation). Switching from pure H2 to simulated COG (30/70 vol% CH4/H2) then caused the H2 and CO production to increase, indicating the presence of dry reforming of CH4 [4]:

CH4 + CO2 ⇌ 2CO + 2H2				           [4]

     For this gas mixture, an average H2/CO ratio of 2.39 was achieved and the total synthesis gas content (H2 + CO) of the output gases was 88.5 vol%. The overall gain in synthesis gas production relative to the initial simulated COG mixture was 80 %. The level of unconverted CO2 was relatively low (10.5 vol%) compared with other fuel mixtures in this experiment, whilst the level of CH4 was relatively high (1.0 vol%). Both of these observations were due to the relatively low level of co-oxidant (CO2) used for this gas mixture. Whilst measuring the output gases of this fuel mixture, a decrease in H2 production was observed, suggesting the cell was deactivating under this fuel mixture. It is tentatively suggested the deactivation was caused by carbon deposition due to the presence of methane cracking [5] made possible by the low level of unconverted CH4.

CH4 ⇌ C + 2H2 					[5]


Figure 1. The effect of fuel-to-oxidant ratio on the dried anode output gases of the cell at the OCP as measured by QMS. The CH4/H2 (fuel) flow rate was 20 cm3 min-1 and 10, 20 and 30 cm3 min-1 CO2 was added to give fuel-to-oxidant ratios of 2:1, 2:2 and 2:3 respectively. The output gases measured under pure H2 are shown for reference. The percentage gain in H2 + CO (syngas) relative to the amount of H2 initially present in the feed gas has been calculated and is indicated on the figure for each mixture.

TABLE I.  Percentage gas compositions and characteristics of the dried output gas mixtures shown in Fig. 1. The percentage gas compositions were calculated by averaging the data measured for each gas composition.
Fuel composition(Fuel-to-oxidant ratio)	OCP	H2	CO	CO2	CH4	H2/CO Ratio	Total 
Synthesis Gas
0 / 100 vol% CH4/H2(n/a)	1.11 V	100.0%	0.0%	0.0%	0.0%	n/a	n/a
0 / 100 vol% CH4/H2(2:1)	1.01 V	58.4%	16.9%	24.7%	0.0%	3.46	75.2%
30 / 70 vol% CH4/H2(2:1)	1.06 V	62.4%	26.1%	10.5%	1.0%	2.39	88.5%
30 / 70 vol% CH4/H2(2:2)	1.02 V	42.2%	27.8%	29.7%	0.3%	1.52	70.0%
30 / 70 vol% CH4/H2(2:3)	1.00 V	29.4%	25.9%	44.5%	0.2%	1.14	55.3%


     Increasing the level of co-oxidant caused the presence of CH4 to decrease to 0.3 vol% and 0.2 vol% under 2:2 and 2:3 fuel-to-oxidant ratios respectively. This shows that conversion of CH4 via dry reforming was promoted by the additional CO2. This would also have had the effect of inhibiting methane cracking [5] and therefore carbon deposition. As the CO2 was increased, the H2 presence decreased whilst the CO increased, showing the CO2 also promoted the RWGS reaction (reverse of [2]). The H2/CO ratio decreased to 1.52 with a 2:2 fuel-to-oxidant ratio, and then 1.14 under a 2:3 fuel-to-oxidant ratio, whilst the overall gain in synthesis gas production decreased to 68 % and 58 %, respectively. The CO2 also increased, indicating that under these conditions, there was a large excess of CO2 available for the catalytic processes, which diluted the gases and caused the total synthesis gas content of the dried output gases to decrease to 70.0 vol% and 55.3 vol% under 2:2 and 2:3 fuel-to-oxidant ratios respectively. By promoting the RWGS reaction, increasing the CO2 would also have increased the H2O present in the raw output gases.

     Fig. 2 and Table II show the effect of fuel composition (CH4/H2) on the dried output gases of the cell at the OCP whilst maintaining a fuel-to-oxidant ratio of 2:2. Increasing the CH4 volume from 0 vol% (pure H2) to 40/60 vol% CH4/H2 caused the OCP to increase from 0.98 V to 1.03 V. The H2 and CO production also increased, indicating a greater presence of dry reforming with CH4 addition [4] and causing the total synthesis gas content of the dried output gases to increase from 52.8 % with 0 vol% CH4 to 74.5 % with 40 vol% CH4 addition. The promotion of dry reforming also caused the H2/CO ratio to decrease from 1.89 to 1.47, since stoichiometrically it gives synthesis gas with a 1:1 H2/CO ratio. The CO2 decreased and a slight increase of unconverted CH4 was observed, indicating that under the higher CH4 content mixtures, there was insufficient CO2 available to support all of the catalytic processes taking place. This had the effect of promoting CH4 cracking [5] and therefore carbon deposition; a transient decrease in H2 production was observed, particularly as the CH4 was increased, suggesting deactivation due to carbon deposition was taking place. Under the mixture closest to COG (30/70 vol% CH4/H2), the product gases consisted of 42.9 vol% H2 balanced with CO (27.4 vol%) and CO2 (29.3 vol%) and trace levels of CH4 (0.3 vol%).


Figure 2. The effect of CH4/H2 composition on the dried anode output gases of the cell at the OCP under a 2:2 fuel-to-oxidant ratio as measured by QMS. The total CH4/H2 flow rate and CO2 flow rate were both 20 cm3 min-1. 

TABLE II.  Percentage gas compositions and characteristics of the dried output gas mixtures shown in Fig. 2. The percentage gas compositions were calculated by averaging the data measured for each gas composition.
Fuel composition	OCP	H2	CO	CO2	CH4	H2/CO ratio	Total 
Synthesis Gas
0 / 100 vol% CH4/H2	0.98 V	34.5%	18.3%	47.2%	0.0%	1.89	52.8%
10 / 90 vol% CH4/H2	0.99 V	38.4%	21.2%	40.2%	0.1%	1.81	59.6%
20 / 80 vol% CH4/H2	1.00 V	41.2%	24.3%	34.2%	0.2%	1.70	65.6%
30 / 70 vol% CH4/H2	1.02 V	42.9%	27.4%	29.3%	0.5%	1.56	70.3%





     The effect of fuel-to-oxidant ratio on the I-V curve of the cell in electrolysis mode is shown in Fig. 3 for a CH4/H2 composition of 30/70 vol%. The lowest overpotentials were observed under a 2:3 fuel-to-oxidant ratio and they increased as the fuel-to-oxidant ratio was increased. This may be due to the increased rate of electrochemical CO2 reduction due to the higher presence of CO2 [6]. Alternatively, the increased CO2 may have promoted the RWGS reaction (reverse of [2]), yielding H2O that was subsequently reduced electrochemically. This may have contributed to the performance increase since electrochemical H2O reduction has faster kinetics than electrochemical CO2 reduction (21, 22). 

CO2 + 2e- ⇌ CO + O2-			          [6]

It is also possible that increasing the CO2 content increased performance through minimising carbon deposition via promotion of the reverse Boudouard reaction [7] (18). 

C + CO2 ⇌ 2CO					[7]

     Fig. 4 and Table III show the effect of the fuel-to-oxidant ratio on the electrochemical impedance spectrum of the cell. Two polarisation arcs were observed, and the overall width of the arcs clearly decreased as the fuel-to-oxidant ratio was decreased, showing decreased overall resistance of the cell, in agreement with the I-V curves. The high frequency arc is attributed to surface diffusion and charge transfer processes and changed only slightly. The width of the high frequency arc decreased initially from 0.270 Ω cm2 under 2:1 fuel-to-oxidant to 0.251 Ω cm2 (a 7 % decrease) and 0.228 Ω cm2 (an 16 % decrease) at 2:2 and 2:3 fuel-to-oxidant respectively, which shows that these processes were only slightly affected by the change of fuel-to-oxidant ratio. However, the width of low frequency decreased from 0.139 Ω cm2 under 2:1 fuel-to-oxidant to 0.049 Ω cm2 (a 65 % decrease) and 0.033 Ω cm2 (an 76 % decrease) at 2:2 and 2:3 fuel-to-oxidant respectively. This indicates that addition of CO2 improved the electrochemical conversion of the reactants by improving the diffusion rate of the fuel gases through the anode, in agreement with previous research (20).

Figure 3. The effect of fuel-to-oxidant ratio on the I-V curve of the cell. The CH4/H2 (fuel) composition was 30/70 vol% and the flow rate was 20 cm3 min-1. 10, 20 and 
30 cm3 min-1 CO2 was added to give fuel-to-oxidant ratios of 2:1, 2:2 and 2:3 respectively.

Figure 4. The effect of fuel-to-oxidant ratio on the electrochemical impedance spectrum of the cell in electrolysis mode.  The measurements were taken at OCP + 0.1 V (OCP values are shown in Table III. The CH4/H2 (fuel) composition was 30/70 vol% and the flow rate was 20 cm3 min-1. 10, 20 and 30 cm3 min-1 CO2 was added to give fuel-to-oxidant ratios of 2:1, 2:2 and 2:3 respectively.

TABLE III.  Widths of high and low frequency arcs of the electrochemical impedance spectra shown in Fig. 4.





     
     The effect of CH4/H2 composition on the I-V curve of the cell in electrolysis mode is shown in Fig. 5. The highest performance was achieved under pure H2, with decreasing performance observed as the CH4 was increased to 40 vol%, although the performance change from 30 vol% to 40 vol% was very small. Fig. 6 shows the effect of the CH4/H2 composition on the electrochemical impedance spectrum of the cell. In agreement with the I-V curves, the overall width of the arcs clearly increased, showing the increase in resistances at the anode of the cell as the concentration of CH4 increased. 

     The QMS data in Fig. 2 show that there was an increasing level of unconverted CH4 leftover as the CH4 was increased and therefore the decrease in performance can be attributed partly to increased carbon deposition from methane cracking [5]. In addition, the QMS data show that as the CH4 was increased, more CO2 was converted in the catalytic dry reforming, causing the OCP to increase and also meaning there was less CO2 available for electrochemical reduction. Furthermore, there was less CO2 available for the RWGS reaction, limiting electrochemical H2O reduction. Finally, the decreased CO2 presence may have inhibited the reverse Boudouard reaction, further increasing the likelihood of carbon deposition. 


Figure 5. The effect of CH4/H2 composition on the I-V curve of the cell under a 2:2 fuel-to-oxidant ratio. The total CH4/H2 (fuel) flow rate and CO2 flow rate were both 20 cm3 min-1.

Figure 6. The effect of CH4/H2 composition on the electrochemical impedance spectrum of the cell in electrolysis mode.  The measurements were taken at OCP + 0.1 V. The CH4/H2 (fuel) flow rate was 20 cm3 min-1 and CO2 was supplied at the flow rate of 
20 cm3 min-1 to give a fuel-to-oxidant ratio of 2:2.

     The effect of increasing the operating voltage on the dried output gases in electrolysis mode is shown in Fig. 7 and Table IV. The voltage was increased in 0.1 V increments and the output gases were measured by QMS. A fuel-to-oxidant ratio of 2:2 was used with a fuel composition of 30/70 vol% CH4/H2 (closest to COG). Increasing the operating voltage increased the H2 and CO production, with an overall gain in synthesis gas production of 14 % achieved at 1.4 V. The CO2 presence decreased, whilst the CH4 conversion was unaffected. The total synthesis gas content of the dried output gas mixture increased from 68.0% at the OCP to 75.0% at 1.4 V, whilst the H2/CO ratio decreased slightly from 1.47 to 1.43. It should also be noted that there was a presence of H2O due to the RWGS reaction.

     The increase in H2 was most likely due to electrochemical reduction of the H2O produced from the RWGS reaction because both of these processes have fast kinetics (19, 20). For this reason, it is most likely the case that CO production was due to reaction of the electrochemically produced H2 with CO2 in the RWGS, which was promoted by electrochemical H2O reduction. Direct electrochemical CO2 reduction can also not be discounted as a mechanism of CO production, particularly as the level of CO2 present is high. However, it is well established that electrochemical CO2 reduction rates are very slow in comparison with H2O reduction processes (21, 22) and therefore further work is needed to confirm the mechanism of CO2 conversion.


Figure 7. The effect of increasing the voltage of the cell on the composition of the dried anode output gases under a 2:2 fuel/CO2 ratio with a fuel composition of 30/70 vol% CH4/H2. The total CH4/H2 flow rate and CO2 flow rate were both 20 cm3 min-1. The percentage gain in H2 + CO (syngas) relative to the amount of syngas produced at the OCP has been calculated and is indicated on the figure for each voltage.

TABLE IV.  The effect of voltage application on the percentage composition of the dried output gases of the cell supplied with 30/70 vol% CH4/H2 and with CO2 used as an oxidant.
Operating Voltage	H2	CO	CO2	CH4	H2/CO Ratio	Total Synthesis Gas
OCP 	40.5 %	27.5 %	31.8 %	0.2 %	1.47	68.0%
1.1 V 	41.4 %	28.5 %	30.0 %	0.2 %	1.45	69.9%
1.2 V 	42.2 %	29.3 %	28.4 %	0.2 %	1.44	71.5%
1.3 V	43.1 %	30.2 %	26.6 %	0.2 %	1.43	73.2%
1.4 V	44.1 %	30.9 %	24.8 %	0.2 %	1.43	75.0%


Discussion of H2O and CO2 as co-oxidants for co-electrolysis of COG

     This work has investigated the co-electrolysis of simulated COG (CH4/H2) with CO2 using SOEC technology for the first time and has therefore expanded on previous research in which H2O was used as the co-oxidant (14). Catalytic reforming of CH4 was observed for both oxidants and accounted for most of the synthesis gas production, whereas electrochemical reduction of the oxidants accounted for lower increases. High levels of CH4 conversion were observed for both co-oxidants. Compared with H2O, using CO2 promoted dry reforming of CH4 and the RWGS reactions were the dominant catalytic processes and resulted in product gases that were richer in CO, with H2/CO ratios in the range 1.14-2.39 observed. Depending on the conditions and fuel composition, the product gases were composed of 60-75 vol% synthesis gas balanced in CO2. The greater the CO2 addition, the greater the synthesis gas production and content, and the more the H2/CO ratio decreased. This compares with the use of H2O as the oxidant, where steam reforming and the WGS reactions were the main catalytic processes, resulting in gas mixtures that were composed of 82-93 vol% H2. Greater hydrogen production and purity were observed as the level of H2O addition was increased. 
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